Preprint typeset in JHEP style. - HYPER VERSION 



Iiep-th/000ll23 



in 



o 
o 
o 



X 



D-branes in Type MA and Type MB theories 



§1 from tachyon condensation 

o ' 

(N 



by J. Klusoh 

Department of Theoretical Physics and Astrophysics 



. Faculty of Science, Masaryk University 

^ '. Kotldfskd 2, 611 37, Brno 

CN , Czech Republic 



E-mail: klu@physics.muni.cz 



Abstract: In this paper we will construct all D-branes in Type IIA and Type IIB 



Oh. theories via tachyon condensation. Then we propose form of Wess-Zumino term for 

^ , non-BPS D-brane and we will show that tachyon condensation in this term leads to 



standard Wess-Zumino term for BPS D-brane. 
Keywords: |U-branes. 



Contents 

|l|. Introduction |1| 

|2|. Step by step construction |^ 

1^. Direct construction [14 

g. Non-BPS D-branes in Type IIA theory [21 

m. D-branes in Type IIB theory [24 

1^. Wess-Zumino term for non-BPS D-brane [25 

0. Conclusion [32 



1. Introduction 

Non-BPS D-branes have been intensively studied in recent years (see, for example 



T3| , [T^, |T5| and for review, see 0, |^, P). It was proposed in ref |T^, |TT 



that all D-branes in Type IIA, IIB and Type I theory can be classified via K-theory. 
This classification is based on tachyon condensation in unstable system of space-time 
filling branes, D9-branes and antibranes in Type IIB theory and non-BPS D9-branes 
in Type IIA theory. In this approach, existence of stable BPS D-branes was deduced 
from topological arguments. It would be nice to see how these branes emerge directly 
from non-BPS D9-branes in IIA theory or from system D9-branes and antibranes in 
IIB theory. In this paper we would like to show this phenomena. 

In the previous paper we have proposed action for system of non-BPS D9- 
branes, following |^. We have shown that via tachyon condensation in form of 
kink solution on the system of N non-BPS D9-branes we are able to obtain action 
for N — k D8-branes and k D8-antibranes. Than we have shown that we are able 
to obtain BPS D6-brane from two D9-branes in Type IIA theory in "step by step " 
construction, that is based on tachyon condensation in form of kink solution. We have 
also shown, that the action for D6-brane turns out directly from action for system 
D8-brane and antibrane from tachyon condensation in the form of vortex solution on 
world-volume of system brane and antibrane. We have finished the paper |^ with 
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analysing of Wess-Zumino (WZ) term for non-BPS D-brane and we have discussed 
some problems related to tacliyon condensation in WZ term, in this term. 

In this paper we will continue in our previous work of tachyon condensation. 
The starting point will be action for 16 non-BPS D9-branes in Type IIA theory. 
The action for non-BPS D-brane was proposed in and we have generalised this 
action for the system of non-BPS D-branes in Type IIA theory in in the same 
way as for ordinary BPS D-brane, see for example pO|, As was explained in [Q], 
action for non-BPS D-brane contains term, which expresses presence of tachyon on 
the world- volume of non-BPS D-brane. This term has a property, which lies in heart 
of our construction, that for tachyon equal to its vacuum value, it is zero. We have 
made some comments about this term in where we have estimated its form on 
general grounds. In this paper we will see, that with using this simple term, we are 
able to get some interesting results. 

Plan of this paper is follows. In section (j^) we will show how our idea works 
on rather simple example of " step by step" construction of tachyon condensation on 
world-volume of 16 non-BPS D9-branes in Type IIA theory. We will see, that in this 
construction we obtain action for 16 DO-branes in Type IIA theory, with agreement 
with JTOf, but there is a slight difference with |T^, where was argued that due to the 
tachyon condensation we are able to get one single DO-brane. In fact, as we will see on 
many examples of tachyon condensation on world- volume of D9-branes in IIA theory, 
we always get action for 16 D-branes, some of them form a bound state, so they do 
not contribute to the dynamic of the system, but their presence can be deduced from 
tension of resulting brane (for example, action that arises from tachyon condensation 
in section (0) contains factor 2'^ expressing the fact that DO-brane is a bound state 
of 16 DO-branes). This result is consequence of the fact, that 16 non-BPS D9-branes 
participate in the construction of D-branes in Type IIA theory. 

In section @ we will discuss construction of general Dp-branes in Type IIA the- 
ory via tachyon condensation in generalised vortex solution, following the approach 
T0| . Again we obtain correct action for D-branes. In the end of these section. 
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we will show that we are also able to obtain all lower dimensional D-branes in Type 
IIA theory from system of 16 non-BPS D9-branes which is in agreement with [|T^]. 
Again we will see that the resulting action describes 16 D-branes. 

In section (^) we turn to the problem of construction of non-BPS D-branes in 
Type IIA theory, following |T^. We will show that with tachyon solution presented 
in Ijl^ we are able to obtain action for non-BPS D-brane in Type IIA theory, either 
with direct construction presented in section @ or with step by step construction 
presented in section (||). 

In section (|^) we will discuss the construction of BPS and non-BPS D-branes in 
Type IIB theory. 

In section we propose form of Wess-Zumino term for non-BPS D-branes. We 
start from the WZ term for single non-BPS D-brane presented in the ref. |18[ and 
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generalise this result for system of N D-branes and we also propose higher terms in 
covariant derivative of tachyon, which are needed for correct reproduction of WZ term 
for ordinary BPS D-brane, as we will see on the example of tachyon condensation in 
"step by step" construction leading to the DO-brane. Again we will see that resulting 
charge of DO-brane contains factor 16. The emergence of this factor in WZ term is 
crucial, because the resulting D-brane should be stable object [|], |T0[ and such a 
object should be BPS state of theory and consequently charge and tension of this 
object must be equal. 

Then we will show that tachyon condensation in the form presented in gives 
the correct value of Wess-Zumino term for BPS D-branes and non-BPS D-branes. 

In section (0) we sum up our result and propose other possibilities of our research. 



2. Step by step construction 

We would like to show, that in our approach we are able to obtain all D-branes 
in Type IIA, JIB theories. We will start with IIA theory and we will construct D- 
branes with using tachyon condensation as in |T^. Firstly, we will show "step by 
step" construction, where we will construct D-branes from kink tachyon solution. 
Our starting point is the low energy action for non-BPS D9-branes: 



+2iTTenr^'DMen)}F{T,DT, 



S = - I d''x { 1 + i^!^^(TrFM^F^^ + 2zTt9lT''Dm9l+ 



[2.1) 



In this section we consider only leading order terms in expansion of DBI action, 
because there are some problems in generalisation of DBI action for non-Abelian case 
(for review, see [Q]). In this action: M,N = 0, ...9, 6fi is right handed Majorana- 
Weyl spinor, 6l is left handed Majorana-Weyl spinor and F is a function expressing 
interaction between massless fields coming from open string sector and tachyon as 
well as interaction between tachyon and fields coming from closed string sector, 
graviton, antisymmetric two form ...). In this article, we are interested only in trivial 
background, so that there are no interaction between tachyon and fields coming from 
closed string sector. As was argued in paper this term has a form 

F{T, DT..) = ^l"" WiDmTD"'T + Tr(/(r)ML) + V{T)\ (2.2) 

and tachyon potential has a form [|T0|] : 



V{T) = -m^TrT^ + ATrT^ + ATrT„^ (2.3) 
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where 
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Tt = ^ (2.4) 

is minimum of potential and we have included constant term into potential in order 
to have V(T = Tq) = 0. In ( |2.2| ) we have included normalisation factor for 



reason, which will be clear later. We must mention that this potential is zeroth order 



approximation of potential given in p9l 28 1. We take this simple form of potential 



because we can get analytic solution of equation of motion for tachyon. Finally we 
have included in (£.21) factor — ^^"^ n , where g is a string couphng constant. This 

g(47r2a')"T 

factor corresponds to the tension of non-BPS D9-brane. 

We will demonstrate that with using this action, we are able to obtain action for 



single DO-brane in Type IIA theory. As was proposed in ||TOl, natural gauge group 
on non-BPS D9-branes is f/(16). Now we show "step by step" construction, where 
in each step we use tachyon kink solution. 



Step 1 After variation of action (|3.3| ), we get equation of motion of motion for 
tachyon fields 

where generally i,j = 0, 16 and where the symbol G means the first bracket 
in (|3.3| ), which includes kinetic terms for all massless fields. We take tachyon 
solution in the form: 

r(.)^(f^'i- ^(ft'f ) (2.6) 

where y means coordinates x*, ? = 0, 8 and delta function in the off-diagonal 
elements has a formal meaning, which expresses the fact that off-diagonal 
modes are localised in the core of the vortex. We have also taken Tq in the 
form of kink solution of equation: 

-2^To(x) + Av(T) = (2.7) 

where V = — m^T^ + AT^. We will see that the tachyon kink solution is nonzero 
in region of size of string scale, so that in the zero slope limit a' ^ reduces 
to the solution localised in single point x = 0. This solution can serve as a 
justification of approach in where we have taken solution in the form of 
step function, which appears as a zero slope limit of ordinary kink solution. 

Solution of previous equation is ordinary kink solution, which can be found in 
many books about extended field configurations. We will review the basic facts 
about this solution. 



4 



When we multiply equation (p7| ) with T' we get 

2T"T' = ^ {T'f = V (2.8) 

when we have made integration over x. From previous equation we get expres- 
sion 

^ = dx (2.9) 

and integration we get (we take condition that for xq = 0,T^ = 0): 

f dT 1 , fT\ , , 

X = —p= = i^arctanqh — (2.10) 

J v^(T2-T2) ' \Tj 

where = From previous equation we get 

T = T,tanhfe^ (2.11) 



V2, 



Its first derivative is equal to 



when we put previous results into form of F function we get 
N2nV2 



N{A7r^a')-g 
or equivalently ^ 



rp2 2/ /\\^ /\ 



2 v'"'^"' ItiJJ +^W^^7fJ-i^ 



(2.12) 



A^27rV2m^ 



F = 1-tanhM^ 2 2.13 

In previous equations we have denoted N = 16. From the behaviour of function 
tanh(x) we know that is equal to one almost everywhere except small region 
which is equal to (—1,1). From this fact we see that F is zero outside the 
region of size of string length Ig. In zero slope limit a'—*0^m = -^—^oo 
and we see that resulting vortex is localised in the point a; = 0. In other words, 
in this limit the F function effectively looks like a delta function. From this 
reason we have off-diagonal modes of tachyon fields localised in the core of the 
vortex, which explain the presence of delta function in ( |2.6| ). In fact, this delta 
function has only symbolic meaning, in calculations we will replace this delta 



""^In these expressions we do not include the contributions from off-diagonal modes of tachyon. 
The general expression of function F will be given below. 
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function by factor 2(1 — tanh that can serve as a regularisation of the 

delta function as we have seen above. 

The next calculation is the same as in and we refer to this paper for more 
details. After some calculations we get following form of F: 



— 2(1 -tanh^ [ U2 



16(47rV)V^ VV2/ 



2Tr(XT - TX'){X'T - TX) + 



4A 

+2Tr{DT''D^T + (-m^Tr(TT) + XTi{TTf) + TTf{T)Be) + Ti{f{T)Ce') 

(2.14) 



After putting ( |2.14|) into ( p.l|) we can easily make integration over x due to the 



fact that first bracket is independent on x coordinates. This important fact 
comes from the third term in ( p.7| ), because covariant derivative with respect 
X is nonzero so that derivation of G with respect to x should be zero, so we get 
condition that all massless fields are independent on x coordinates. Integration 
over X gives 



2 dxll- tanh^^ = = -^(An^ay^ = OMGUn^a')^ 2.15 
' \ v2 / 3m 6tc 



-00 



We will discuss this numerical value in the end of the section. For the time 
being we can claim the due to the tachyon condensation in the form of kink 
solution we have obtained the action for 8 D8-branes and 8 D8-antibranes |^: 



S = -0.606(47r2ay/2^9 / d 



1 + 1^!!^ {Tr (F^.^F'"' + 2D^XD^X+ 



+2ie(T''D^9 + T^[X, 9]) + 4iTT{BT''D^B + BV'\XB - BX')) + 



+Tr [f'^^F'^"" + 2D'^X'D'^X' + 2i9'{V^'D'/ + V'^[X' , 9'])) } 



X 



1 f 777^ 

X — j 16— + 2Tr(XT - TX'){X'T - TX) + 



+2Tt{DT''D^T + {-m^TT{TT) + ATr(TT)2) 

+TTf{T)B9) + Tr(/(T)C^')} 

(2.16) 

where X,9,A belong to the adjoin representation of f/(8), which corresponds 
to the gauge group of 8 D8-branes, similarly X, 9', A' correspond to 8 D8- 
antibranes and T, B = C'' are tachyon and spinor fields respectively coming 
from the string sector connecting brane and antibrane and they transform in 
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the (8, 8) of f/(8) x U{8). Finally, we also define DX = dX + [A, X], D'X' = 
dX'+[A', X'], DB = dB+AB-BA' and we have used notation Cp = — . 

Now we proceed to the second step, which is a tachyon condensation in the 
form of kink solution on the world-volume of these branes. 

Step 2 We will construct tachyon kink solution on world-volume 8 D8-branes and 
8 D8-antibranes. The solution has a form: 

T{x%,=To{x')6,, (2.17) 

where i,j = 1...8 and where To(x^) is solution of ( p.7|) . We will see that this 
solution place constrains on the form of massless fields. 



Firstly, we see, that ( |2.17| ) breaks gauge symmetry U{8) x U{8) into diagonal 
subgroup U{8). Now we will solve equation of motion in point ^ 0, where 
tachyon field is in its vacuum value and it is constant, so that equation of 
motion reduces to the condition: 

f^O (2.18) 

For term with transverse fiuctuation, we obtain: 

{Xij6mjSkn — ^im^jnX j^{X^iT li — T kiXn) = (2-19) 



We show, that solution of this equation is condition 

X,, = X;. (2.20) 
When we insert ( p.20| ) into ( p.l9| ) and using ( p.l7| ), we get: 



(....)(Xfc,-X^,) = 

In order to obtain equation of motion for tachyon, we must vary the action 
( |2.16|) with respect the tachyon field. As in previous step we obtain the term 
dxs{G)D^T where G means the expressions containing massless fields. Due 
to the fact that D^T is nonzero we obtain the condition that all massless 
fields should be independent on x^. From this fact we can claim that previous 
condition ( p.20| ) for fields describing transverse fiuctuations hold on the whole 
axis x^. 

In the same way we obtain condition 

^1} = (2.21) 
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where = 0, 7, because kinetic term in (|2.16|) reduces for constant tachyonic 
solution to: 

{A^T - TA'^) (A'^T - TA^) (2.22) 

With using the same arguments as for scalar fields, this condition must hold 
for all x^. 

Now we proceed to the question of fermionic fields, for which we obtain follow- 
ing equation from varying of F : 

Tr (g{To)Be + g{To)Ce') = (2.23) 



where 5'(To) = ^ ^ and where we have used the fact, that Tq = Tq. We 
write B = X + iY, C = B'^ = X — lY where we have defined Hermitean 
matrices X, Y . Then ( p.23|) has a form: 

g{To) [{X - iY)T^e + (X + iY)T^e'] = g{To) [xr\e + e') + iYT^{e - e')] = o 

(2.24) 

The solution of previous equation is 

X = 0, e = e' (2.25) 

In the same way we could take Y = 0, 6 = —6', but this result is the same as 
previous one. 

We must also show that in the point x^, where tachyon is in its vacuum value, 
the function F is zero. We know that covariant derivatives, interaction terms 
with fermionic fields an scalar fields are zero. The remaining terms are 

4 

777 

16— + 2V{T,) = (2.26) 

when we have used 16^ = —2V{T^). When we sum up the kinetic terms for 
tachyon, potential terms together with constant term, we get the expression: 

16^(1 -tanh^(^))^ (2.27) 

which is the same expression as in the previous step, where the meaning of this 
formula has been discussed. 

In previous part we have obtained number of constrain on the massless fields, 
that can suggest non-BPS D7-brane. Indeed, the tachyon solution (|2.17|) is not 
the most general for describing D7-brane. Remember, that in the kink solution 
only real part of the tachyon field is fixed. We have than freedom to add to 
the solution (|2.17|) an imaginary part, that is function of remaining coordinates 
x", (we denote these coordinates as y and this imaginary part is localised 
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only in the point = 0, because outside this point we would like to have pure 
vacuum). So that generalised tachyon field is 

T(x^ y) = To(x«) + 2T(|/)5(xS), T(t/)t = T{y) (2.28) 

where again delta function has symbolic meaning as in previous step. Now we 
insert this tachyon field into second bracket in ( p.l6| ) and we use the constrains 
for massless fields obtained in previous part, that must hold also for generalised 
solution, which modifies only behaviour of tachyon field in the core of the kink. 
Covariant derivative has a form: 

D.T = ^To(x«) + ^{AsT{y) - T{y)As)6{x') = ^M^') + ^t^s, T(y)]5(x«) 
^ ^ (2.29) 

where we have used [A, Tq] = 0. Then we obtain : 

TtD^sTD^'t = 8{^To{x^)f + Tr[X^ T]^6{x^) (2.30) 

where = A^,T = T{y). In the action for brane+antibrane we also have 
term: 

Tt{XT ~TX'){X'T -TX) (2.31) 
and with using ( |2.2CI| , p.28| ) this term reduces into: 

TT[X',T{y)Mx') (2.32) 

Now we take n = 0,...7. Then from the remaining covariant derivatives we 
obtain: 

D^T{x, y) = i{d,T{y) + [A^, T{y)]) (2.33) 

As a result, we obtain from kinetic term for tachyon and term containing 
transverse fiuctuation ( p.32| ) the final expression: 

8T'{xy + Ti D^T{y)D^'T{y) + 5yTr[X\T][X^ T]6{x^) (2.34) 

where i,j = 8, 9 and we have used notation -^Tq = Tq. 
Potential term has a form 

V{T) = {~m^TrT{yy + \TiT{y)^)5{x'^) + V{To) (2.35) 

As a last step, fermionic interaction term in point = 0, To = 0, reduces with 
using ( p.25| ) in 

Tr {tfiTiy))i-tY)T'e - ^/(T(y))(2F)r°0) Six') = 2T,f{T{y))Bd5{x') 

(2.36) 
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where we have renamed Y ^ B. In previous calculations we have used the fact 
that T{y) is localised in the point = where To{x^) is equal to zero. As a 
result, the whole second bracket in (|2.16|) reduces to: 

1 Tfl^ 

-(8— + TiD^TD^T + 5,,Tt[X\ T] [X^, T] + 
o 4A 

Q 

+ (-m'TrT2 + ATrT^) + Tif{T)Be) x 2(1 - tanh2(^))2 

v2 

(2.37) 

where we have proceed in the same way as in step one. 

Now we return to the first bracket in ( |2.16| ) . With using ( |2.20| , ^.25| , |2.21D and 
the fact, that all fields are independent on x®, we obtain the following results: 

Tr(F2 + F'2) ^ Tr(2F^^F'^'^ + AD^X^D^'X^) (2.38) 

where = 5^ + [A^, ]. In the same way, we obtain for fermionic fields {6 = 9'): 

AiTiOiV^'D^e + 5ijV'[X^, 6]) (2.39) 

and 

AlIIB{T^'D^B + Sif^X^ , B]) (2.40) 

We see, that all terms have common factor 2. We than obtain the final result: 

(2W^2 

a x i -t- 

+2iTie{T^'D,fi + 5i,r*[X^ 0]) + 2zTr5(r^D^5 + %r'[X^ 5] 

X - (TtD^TD^T + 6^jTT[X\ T] [X\ T] + V{T) + Ti f{T)B9 
8 ^ 

(2.41) 

where we have included constant term 8^ from ( p.34| ) into ( |2.35|) . This new 
potential has important property, that it is zero for tachyon equal to its vacuum 
value. 

4 

V{T)=8—- Trm^T^ + TrAT^ (2.42) 

We see, that ( |2.41D is natural action for 8 non-BPS D7-branes in IIA theory. We 
see the factor 2 in front of the action, which reflects the fact that 16 D9-branes 
have participated in construction of 8 non-BPS D7-branes. 

As a next step, we will construct kink solution on world-volume of this system. 
Step 3 We take kink solution in the form: 



S = -2(0, 606)2^7 J^^ ^<fx 1 + 1^!!^ [TiF^^F^"" + 25,jTiD^X'D^'X^ + 



X 



^ ( ^»(^;'^- '^^^^ ) (2.43) 
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where To(a;'') is the solution of equation (|2T 

The discussion is the same as in step 1, so we briefly recapitulate the result. 
However, there is one difference. We have term Tr[X, T]^ in the second bracket 
in (|2.41|) . Analysis of this term gives the same condition as in the case of gauge 
fields in step 1, namely X must have a form : 

(2.44, 

where X\X'' e f/(4). 

With this kink solution, we obtain action describing 4 D6-branes and 4 D6- 
antibranes, where each D6-brane or antibrane is a bound state of two D6-branes 
or antibranes respectively. The system has a gauge group U{4) x f/(4). This 
action is : 

S = -2(0.606)^C6 J^^ ^(fx 1 + i^!!^ |Tr (f^^^F^^ + 2D^XD>'X + 2i9{T''D^fi 

+6ijr[X^, 6]) + AtTT(Br'D^B + B5ijV\X^ B - BX'^)) 
+Tr [F'^^F'f"' + 2D^X'D'^'X' + 2ie\r^'D'/ + 6ijr[X'^ , 6'])) } 



X 



1 f 

X - <j 8— + 26ijTT{X'T - TX"){X'^T - TX^) + 
4A 



+2Ty{DT^D^T + V{T, T)) 

+Tr(/(T)S0) + Tr(/(T)C^')} 

(2.45) 

where /x, z/ = 0, 7; z, j = 9, 8, 7 and trace goes over adjoin representation of 
U (4) and the meaning of various fields is the same as in step 1. Now we proceed 
to the step 4. 

Step 4 In this step we construct kink solution on world-volume of 8 D6-branes and 
8 D6-antibranes. This kink solution is the same as in (p.l7|) , which breaks 
gauge symmetry f/(4) x f/(4) into its diagonal subgroup U{4). As a result, we 
obtain action for 4 non-BPS D5 branes in HA theory, where each D-brane is a 
bound state of four D-branes: 

S = -4(0.606)^^5 j^^ ^d^x 1 + i^!!^ {TrF^^F^^ + 25^JTrD^X'D''X^ + 

+2iTTe{T''D^e + 6ijr[X^, e]) + 2iTTB{T^'D^B + 6ijr[X\ B])}' X 

X i (TiD^TD^'T + 5iji:i[X\ T] [X^ T] + V{T) + Tr/(T)5^) 

(2.46) 

where /i, z/ = 0, 5; i, j = 6, 9. Now we are going to the next step. 
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Step 5 Again wc construct kink solution on world-volume of four non-BPS D5- 
branes and as a result, we obtain action for two D4-branes and two D4- 
antibranes (As in previous parts, each D4-brane is a bound state of four D4- 
brane, and each D4-antibrane is a bound state of four D4-antibranes): 



where — 0, 4; i,j = 5..., 9. Now we arrive to the next step. 

Step 6 We construct kink solution on world- volume of 2 D4-branes and 2D4-antibranes. 
Again, this solution breaks symmetry U{2)xU (2) into diagonal subgroup U (2). 
As a result, we obtain action for two non-BPS D3-branes in IIA theory: 



where fi,!/ = 0, .... 5; i.j = 6, 9. Again we must mention, that each D3-brane 
is a bound state of 8 D3-branes. 

Step 7 We construct kink solution on world-volume of two non-BPS D3-branes in 
IIA theory, which leads to system of D2-brane and D2-antibrane. This solution 
breaks gauge group U{2) into U{1) x U{1). As a result, all commutators are 
zero and we must replace all covariant derivatives with ordinary derivatives. 
We than obtain action for D2-brane and D2-antibrane: 



S = -4(0.606)^C4 



ij^^J^x 1 + |Tr [Fi.^F'"' + 2D^XD^'X + 2ie{V^D^e+ 

+5ijV'[X\ 9]) + 4iTr(5r^L)^B + B5ijV\X^B - BX"')) + 
+Tr (fI^F'i''' + 2Df,X'D'''X' + 2id' {Vi'D'^d' + 5ijr[X'\ 9'])) }] x 

X- \ 4— + 25ijTi{X'T - TX"){X'^T - TX^) + 



+2Tr{DT''Du,T + V{T, T)) 
+Tr:{f{T)B9)+Tr{f{T)C9')} 

(2.47) 



S = -8(0.606)^C3 j^^ ^d^x 1 + i^!!^ {TrF^^F'^^ + 2(5yTrL»^X^L»'^X^+ 

+2^9(^01,9 + d.jVlX^, 9]) + 2iTrB{T"D^B + S^VlX^, B])}' x 
x^ (TrD^TDf'T + SijTr[X\ T][X^ , T] + V{T) + Tr f{T)B9) 



(2.48) 



8(0.606)^C2 



d^x 1 + 
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1 \ ^rn 



4 



X- <^ 2— + 25ijTT{X'T - TX"){X'^T - TX^) + 
2 4A 



+2Tt{DT^'D^T + V{T, T)) +Tr(/(T)50) + TT{f{T)Ce')} 

(2.49) 

where /i, z/ = 0, 2; i, j = 3..., 9. 

Step 8 We consider kink solution on world-volume of D2-brane and D2-antibrane, 
which leads to the action for one non-BPS Dl-brane: 

S = -16(0.606)^Ci J^^ ^d^x 1 + {f^.F'"' + 25,jd^X'd^X^+ 

+2ieV^'d^9 + +2z5P'a^5}" X 
X (d^Td^'T + V{T) + f{T)Be) 

(2.50) 

where /i, z/ = 0, 1, i,j = 2. ...9 

Finally, we construct tachyon solution on world-volume of non-BPS Dl-brane. 
Then, following fl]], the second bracket reduces to the form 

2(l-tanh2(^^)^ ^(T„) (2.51) 

and integration of previous expressions gives 

0.606(47r2ay/V(T^) (2.52) 



Now we use the results from [29, where it was shown that vacuum value 



of potential is equal to 0.60 of value of the mass of non-BPS D-brane. Since 
tachyon potential v(T) presented in ref.||2^ is related to our potential with 
rescaling V{T) = 2v{T), because in normalisation of kinetic term in our action 
the factor 1/2 is missing, we can claim that vacuum value of potential s equal 
to 

vm = 1.2^ 

than previous expressions leads to 

(47r2a')'^'0.606\/(T,) = {0.73){A7r^a'y/^^ (2.53) 

V2 

we see that tension of D-brane that arises from single tachyon kink is about 
0.73 of tension for D-brane, which is in agreement with result p8|. Of course, 
for DO-brane the resulting tension is much smaller than expected answer, which 
is result of our rough approximation. We can expect on the grounds given in 
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ref.pH], that further correction in the tachyon potential will lead to correct 



results. 

To sum up, In the first bracket the fermion field B is identically zero and we 
finish with action for DO-brane in type IIA theory (more precisely, we end with 
action for 16 DO-branes in IIA theory, that form a bound state, but we will 
discuss this issue later), with completely agreement with Ijl^ 



S = -16(0,606)^1.2———— / dt 



1 + ^ 2 C^dtX'dtX' + 2z^r°9ti 



(2.54) 

We see, that with this "step by step" construction we are able to obtain all 
D-branes in IIA theory, and when we start with system D9-branes and D9- 
antibranes, following 0, we are able to construct all D9-branes in IIB theory 
as well. However, we would like to see, whether direct construction, presented 
in [|, can be applied in this approach. We return to this question in next 
section. 



3. Direct construction 

In this section we show that we can construct lower dimensional BPS D-brane also 



directly following ||T0[, where was argued that D-brane of codimension 2k + 1 can be 
construct as vortex solution on world-volume of 2^ non-BPS D9-branes with gauge 
group U{2'^). In region around point x = 0, the tachyon field looks like: 

2k+l 

T{x) = V,x' (3.1) 

i=l 

where Fj are Gamma matrices of group S0{2k + 1), which is a symmetry group 
of transverse space to D(8-2k)-brane and = l...,2A; + 1 are coordinates on this 
transverse space. 

It was argued 0] that this tachyon condensation is equivalent to condensation 
of tachyon in step by step construction, where tachyon forms a kink solution in each 
step. In order to obtain correct kink solution, we generalise previous equation in the 
form 

2k+l 

T=J2 ^^T^{X') (3-2) 
i=l 

we will see that tachyon condensation in the form of this field is equivalent to con- 
densation of tachyon in form of step by step construction. We start to solve the 
equation of motion for tachyon. We write the action for non-BPS D-brane: 

S=-C,J d^'xh + ^^I^{TtFmnF^''' + 2tTr9LT''DMeL+ 
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+2tTTeRT^'DM9R)}F{T, DT, ...) 

(3.3) 



where Cp = — ^^^p+i and we implicitly work in limit a' ^ 0, because than we can 

neglect the higher terms in expansion of Born-Infeld action. In previous expression 
the F function express integration between tachyon and other fields and has a form: 

F(T, DT..) = ^ [TtDmTD''T + Tr(/(T)ML) + V{T)] (3.4) 

and y is a potential for tachyon (we again work in zeroth approximation, which 
allows analytic solution 

V{T) = -Trm^T^ + ATrT^ + TiT^ (3.5) 

2 

where = ^ is a vacuum value of tachyon field. Equation of motion for tachyon 
field has a form: 

8TI 

-dM{G)D^T + G{-2DmD^T + ^) = (3.6) 

where G means the first bracket in action for non-BPS D-brane. We know that 
tachyon is a function only 2fc + 1 transverse coordinates so that around the core we 
have DiT 7^ so that in order to obey equation of motion we must pose the require- 
ment that all fields, which are present in G should be independent on transverse 
coordinates. We will see that this is natural requirement because the effective size of 
the core is of order string scale and we know that BI action is valid only for slowly 
varying fields so that these fields do not change in region of size of string scale. In 
solving previous equation we must also demand the vanishing covariant derivative 
with tangent direction to the vortex otherwise we should take OmG = for all M and 
we do not get any interesting dynamical system. From the condition of vanishing 
the covariant derivative -D^T, = 0, 8 — 2/c we get condition on gauge field: 

D^T = [A^, T]=O^A^e SUi^!") = (3.7) 

and only G f/(l) remains as a free dynamical field. 

Suppose now that we are in the region out of the core where tachyon is in its 
vacuum value. Than its derivative is zero and we get the same condition for gauge 
fields as in previous case: 

DTi = = [Ai, T] = 0^ Ai = (3.8) 

and only Ai G U{1) remains undetermined free dynamical field. This condition hold 
almost on the whole plane and from the previous result, which says that massless 
fields are not functions of transverse coordinates, we get condition that Ai G SU{2^) 
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is zero everywhere. With using these facts the covariant derivative for tachyon re- 
duces to ordinary derivative and variation of kinetic term gives (in the following we 
write Ti{x') = Tf. 

TTS{dM{riTd^{rjT^) =^ -Tr25TTidMd^{rjT^) = -22^5TidMd^Ti (3.9) 

where we have used TtViVj — 2^5ij. The variation of potential term gives 

5V = 5T\-2mTxViPTj + AXIiV .iT^V''V%TkTi) 
= 5Ti{-2mT' + 4XTi{TjT^) 



(3.10) 



and variation of interaction term between fermions and tachyon gives 

Tr{5{aiT + a^T^ + ...)Ml) = STiTrr{ai + a^rrTiTj + ..)Ml = 

di 



(3.11) 



where = TiT\ 

Now equation of motion have a form: 

-2did'T' + (-2m2T, + AXTf + 4AT,(^T,r,)) + Tr(r,^ML) = 0; ^ = 1, 2k + 1 

(3.12) 

In previous equation we do not sum over i and we have used the fact that rfjv/^i = 
5]^^9^T(a;*). Since Tj are all independent, we will see that solution of motion of these 
equations leads to the kink solutions for all Tj with additional conditions, which must 
vanish separately. Firstly, we must pose the condition: 

Ti{Y,T^T^) = ^ (3-13) 

Outside the core of the vortex, we have Tj 7^ so that we must have Tj to be zero. 
In the point = we have solution T{x^) = so that T{x^) should be nonzero. But 
this is nothing else than tachyon condensation in the form of step by step construc- 
tion, where each resulting tachyon is localised on world-volume of non-BPS D-brane 
or system of branes and antibranes that arises from tachyon condensation in the pre- 
vious step. The previous condition has the same meaning, but now we do not prefer 
some particular direction where we start the tachyon condensation. In other words, 
this tachyon condensation is naturally transversally invariant. With the requirement 
that fermionic term should be zero separately we get the equation for each Tj in the 
form: 

-2dd'T{x^) + = (3.14) 
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which has a natural solution in the form of kink solution as we have seen in the 
previous section. The form of the kink solution has a form: 



T(x') = T„ tanh 



rax 



(3.15) 



Now we put T = Ylii=i^ TjT* into the F function. At this point we must be more 
careful, because we know that Tj live only in the point x-' = 0,j 7^ i. We will have 
this fact in the mind when we put previous equation into F function and in resulting 
expression we multiply each term, that is a function of Tj only, with the factor of 
convergence, which will have properties of delta function and will express the above 
condition. 



2fc+l 



(3.16) 



i=l 



and 



2fe+l 



V{T) = -Tim'^iT'T^TiTj) + ATr(rirjrfcr,rT^T^T') = 2^= ^ {-m'^T^ + 



i=l 



(3.17) 

where we have used the fact that expression TiT^,i 7^ j is zero from arguments 
presented above. Then we obtain the form of F function (We use the fact that 
fermionic terms is zero as will be shown in a moment): 



where F,- have a form 



dx 



F 



'dJV 
dx^ 



2k+l 



i=2 



(3.18) 



(3.19) 



We see that we have the similar result as in the step by step construction. The first 
term in ( |3.18| ) has the form 



nr . o / raxi \ , , 



(3.20) 



Since we know that all Fi,i 7^ 1 are localised in the point = we multiply 
the second term in ( |3.18|) with the factor 2(1 — tanh^(^))^ as in previous section. 
Then we can make integration over x^ leading to the result (0, 606)(47r^Q;')^/^ in 
front of F function and to the emergence of constant term V{Ty) in F function (we 
have again used the fact that all fields in the first bracket in (p.3|) are independent 



on x^). After repeating this calculation the F function will give the contribution 



(0.606)2'=+H.2^(4 



2fc+l 
2 
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In previous part wc have anticipated that fermionic terms is equal to zero. In 
this paragraph we show that this is really true. We expand the fermionic fields in 
following way ^: 

Ol,R = O^L.R + ^i^L,R (3-21) 

and after putting this expansion into expression TiV-QrOl we get the equations (we 
have used the fact that ^ is nonzero. In the following we will not write this factor): 

Tr(r,r,ro^«^^i = o (3.22) 

(3.23) 



2^e\ei = 



Solution of the last equation is ^ = or = 0, but from the fact that the first 
equation ioi: i — k — I gives condition ^^6'}^ = 0, which can be solved as 9\ = 0, 
we see that we must take as a solution of last equation the condition 6*^ = and 
solution of the second equation as a = 0. 

In other words we get the result that spinor field 6r completely disappears as 
it should for restoring the BPS D-brane. We also sec that only U{1) parts of 9^ 
remains as a free dynamical field which is in agreement with the number of bosonic 
degrees of freedom. The vanishing of 6l G SU{2^) can be view as a consequence 
of vanishing of A G S'f/(2^), since both fields are related through supersymmetric 
transformations of nonlinearly realised supersymmetry. 

Now we can sum the results. Prom the fact that all fields in the adjoin representa- 
tion of SU {2^) and spinor Or is zero we obtain the action for Dp-brane of codimension 
2A;-|- 1, when we use the fact that all fields are independent on transverse coordinates: 

S = -2*^(0.606)2^+^1.2Tp j^^ dP+^x 1 + (^^^ f {F^^F"" + 2d^X'd^'X' + 2idV''d^,d) 

(3.24) 

where p — — 2k and Tp = p+i . In previous action we have used 

g{4n'-^a')~T' 

Fi^F"" = 2d^Aid''Ai ^ 2d^X'd^X' (3.25) 

Por DO-branes, /c = 4 and we obtain the same result as in previous section. Again 
we see the presence of factor 2^ in front of the action, which suggests that resulting 
configuration corresponds to the bound state of 2^ Dp-branes. We will return to this 
issue in the end of this section. 



^In fact, wc should consider more general expansion of 6 in the form of completely antisymmetric 
basic. However it is easy to sec that higher terms in this expansion are identically zero. Consider 
for example 9%^^T,j. Then we obtain two conditions :Trr,rfei^^'6'^ = 0, Trrirfcir„„5^'6'£'" = 0. 
Then the second equation gives condition ^2*" = and the first equation gives condition 9'^ =0. 
This arguments holds for higher terms as well. 
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It is also important that with 16 non BPS D9-branes, we are able to construct 
lover dimensional brane as well. Consider general D-brane of codimension 2k + 1. 
As was explained in ref. |1^, this brane can be constructed from 2'' non-BPS D9- 
branes with gauge group U{2^), where tachyon t{x) G U{2^) is a function of 2A; + 1 
coordinates and its form is the same as in ( |3.2| ). We can put this tachyon field into 
U{16) as follows 

T(x) = t{x) 1 (3.26) 
where 1 is 2^~^ x 2'^~^ unit matrix. We can take gauge field in the form 

A = A*l®l+k(^l+l®A (3.27) 

where A is f/(l) part of gauge field, A G 5[/(2^')> ^ ^ SU{2^-^) and 1 is 2^ x 2^ unit 
matrix. Then we can proceed as in previous part, because it is easy to see, that only 
A is fixed with tachyon solution (it is equal to zero) due to the fact that 

[t{x) 1 ,1 ® A] = Q (3.28) 

so that A and A are not fixed with tachyon solution, because do not appear in 
covariant derivative DT. Then it is also clear, that 

F = F®i + l®i^ + F*l®i (3.29) 

where F is a field strength for A, F is a field strength for A, F is a field strength for 
A and F is a field strength for A. Then kinetic term reduces into (Tr(A ® B) = 
Tr(A)Tr(5)) 

Tr(F^) = Tr(F2)Tr(i ) + 2TrFTrF + 2F(TrFTri + TrlTrF) + TrlTr(F2) + FTrlTri 

(3.30) 

We can immediately see, that second and third term vanishes due to the fact, that 
TrF = TrF = 0. When we combine F with F into one single field in adjoin 
representation of U{2'^~^) and use the fact, that all A are not function of 2fc + 1 
coordinates, the kinetic term reduces into 

2^{lh:J^^^T^'' + 2i:iD^X'D^X') (3.31) 

where 2'^ comes from Trl and X^^i = 9 — 2A;, ...,9 are dynamical fields describing 
transverse fluctuation of 2'^^^ D-branes of codimension 2k + 1 and we have also 
defined DX = dX + [A, X]. 

Analysis of fermions is the same as in case of DO-brane. Again, Or is zero and 
we write 9l in the same way as A 

9L = eL*l0 1 +9l® 1 + l®(pL (3.32) 

where the 9^ is f/(l) part of Ol, Ol G 5f/(2^') and <p G SU{2^-^). Again Or^Ol are 
equal to zero thanks to form of tachyon field T ~ t (g) 1. Nonzero dynamical fields 
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are 0l, and as in case of gauge field we combine with (f) into one single massless 
fermionic field 9 G U{2^~^), which has a kinetic and interaction term in resulting 
action for D-brane 

2iTreLT^^DM0L 2''{2iTTeT^'D^e + 2zTr5r'[A^\ 6]) (3.33) 

Finally, with using the fact that F function gives the same contribution as before, 
we obtain the action 



S = -2^(0.606)2^+4.2T„ / dP+\ 

Jjll,8-2k 



(2W^2 

T 



1 + ^ ^ ^ (TrJ-^^^^'^ + 2TtD^X'D^X' 



+2iTT9T''D^9 + 2iTTer[X\ 9]) 

(3.34) 

This action describes 2^~^ Dp-branes of codimension 2fc + 1, where each D-brane is 
a bound state of 2'^ D-branes of the same codimension, which can be seen from the 
factor 2'^ in front of the action. These results can also be seen in "step by step" 
construction. Consider, for example, "step by step" construction for D6-brane. This 
can be schematically written as: 

U{16) ^'^^ U{8) X f/(8) U{8) U{8) (3.35) 

where factor on the second arrow expresses the presence of factor two in front of the 
action. This sequence correspond to the sequence of branes 

16D9 8D8 + 8D8 8D7 8D6 

Which implies, that this configuration describes system of 8 D6-branes with gauge 
group U(8) (In fact, as was explained in previous section, each D6-brane is a bound 
state of two D6-branes). The same "step by step" construction can be used for other 
D-branes. For D4-brane, we have sequence: 

C/(16) ^ U{8) X U{8) U{8) U{4) x f/(4) '^^'^ U{4) [/(4) (3.36) 

which corresponds to emergence of action for 16 D4-branes with gauge group U{4), 
with agreement with general result given in ( p.34|) 



To sum up, we have seen, that from configuration of 16 non-BPS D9-branes in 
llA theory we can construct all BPS D-branes in IIA theory. In fact, we obtain after 
appropriate tachyon condensation action, that describes 16 D-branes. The question 
remains, whether we can describe one single D-brane in this theory. Firstly, we can 
go into the Coulomb branch of the resulting action and consider one separate D- 
brane taking the other branes to infinity. Then we obtain action for single D-brane 
of codimension 2k + 1, but with additional factor 2^ in front of the action, which 
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suggests, that this brane is a bound state of 2^^ D-branes. It is clear, that resulting 
D-brane looks like ordinary D-brane of codimension 2k + 1, but its tension is different, 
so we cannot say, that this D-brane is elementary D-brane. We will see the same 
problem in analysing of WZ term in section (|^). At present, we do not know, how 
we could obtain action for single elementary D-brane. It is possible that clue to this 
issue lies in more general construction of tachyon condensation corresponding to the 
D-branes which do not coincide. 



4. Non-BPS D-branes in Type IIA theory 

In this section we will construct non-BPS D-branes in Type IIA theory from tachyon 
condensation in the system of N non-BPS D9-branes, following |jT^, where tachyon 
configuration for construction of non-BPS D-brane of codimension 2k was proposed 
in the form: 

2k 

T = J2T,x' (4.1) 

1=1 

where gamma matrices form a spinor representation of transverse space. We will see 
that we can construct this non-BPS D-brane with almost any effort, because this 
construction is directly related to the construction presented in previous section. As 
in previous section we start with system 2^ non-BPS D9-branes with gauge group 
U{2^) on their world-volume. 

We generalise ( [4.1|) to the expression: 

2k 

T = ^r,T(xO (4.2) 

1=1 

which has the same form as in case of BPS D-brane. In fact, the analysis of equation 
of motion for tachyon is the same in both situations (BPS and non-BPS) in case of 
bosonic terms. Again tachyon condensation in this form will leads to the D-brane 
of codimension 2k with U{1) gauge symmetry on its world-volume. But there is an 
difference in the case of fermionic terms. Again we have the condition: 

reReL = o,t = i,...,2k (4.3) 

but now we must expand the fermionic fields in the form 

2fe+l 

Ol,r = E ^li^r. (4.4) 

i=l 

because we cannot discard the term proportional to P^'^+i matrix. As in case of 
BPS D-brane we should make more general expansion with higher antisymmetric 
combinations of gamma matrix but it can be shown that these higher terms should 
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vanish in order to obey previous equation. When we put previous expansion of 
fermions into ([4 .31) , we get the same conditions as in case of BPS D-brane: 

TT(TrV)e^''e[ = o 

^^^ = 

(4.5) 

First equation leads to condition = 0,i = l,...,2k + 1 the second one to 
9}^ = 0,i = 1, ...,2k and the last equation to condition 9^ = 0. It is important to 
stress that we have not any condition on 9]^~^^ due to the trivial identity Trrjr2fc+i = 
0,i = 1, 2k. We than see that we have two dynamical fermionic fields 9r, 9l, which 
is a appropriate number of fermionic degrees of freedom for non-BPS D-brane. In 
fact, there is also one additional tachyon mode related to the matrix r^'^"'"^, which 
is again free dynamical field. From that reason we must put into F function in the 
( |2.16|) the form of tachyon field 

T = T,, + T(t/)r2'=+i (4.6) 

where Tcs is a classical solution of equation of motion, which explicitly form was 
given above and T{y) is a free tachyonic field, which is localised on world-volume 
of resulting D-brane. In this expression we implicitly presume that T{y) should be 
multiplied with some form factor that express the fact that this field is localised on 
world-volume of the vortex. This form factor will be the same as in case of BPS 
D-brane. We will write the form of this form factor in the end of calculation. 

To make thinks more clear we write the action for system of N non-BPS D-branes 

S = -C,j S\ |l + i^!^(TrFM^F*'^^ + 2iTi9lT''Dm9l+ 

+2iTi9rT'''Dm9r)}f{T, DT, ...) 



(4.7) 



and the form of F function, which is present in ( [4.7|) : 



F{T, DT..) = ^ [TtDmTD''T + Ti{f{T)9R9L) + V{T)\ (4.8) 



When we put ( [4.6|) into ( [4. 81) we get 

E (g) ' - ni'Tf + Ai;^ + ^ I + [d.Td^T - m^T^ + XT' + /(r)^^^^,} 

(4.9)- 

where the second bracket is localised in the core of the vortex. In previous expressions 
we have used the fact that the fields Tj(x*) are zero in the point x* = 0. In previous 
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expression the partial derivative means derivative with respect to the tangent 
coordinates of resulting non-BPS D-brane. In deriving the interaction terms between 
fermions and tachyon we have also used the fact that 

f{Y-ik+i^^ ^ Y^f^+^fiT) (4.10) 

because /(T) is odd function of its argument. With using previous equation we have 
the final result for interaction term between fermions and tachyon 

Tr/(T)ML ^ Tr(r2'=+ir2^+i)/(T)^^ez. = 2''f{T)eReL (4.11) 

Next calculation is the same as in previous section. With using the fact that all 
fields in first bracket in (|4.7|) are independent on x*, we can easily make integration 
over these coordinates (again with appropriate insertions of convergence factor in 
the second bracket in ( [4.8|) ) and we obtain the action for non-BPS Dp-brane of 
codimension 2k: 

S = -2\Q.mQf^Cp j^^ rfP+^x |l + i^!!^ [f^.f'^'^ + 2d^,X'd^'X'+ 



X 



d.Td^T + l-m'T' + XT' + ^) + /(T)^^^^ 



(4.12) 



where p = 9 — 2k. As in previous section, we have obtained the fields describing 
transverse fluctuations from the term 

F^iF^'' = 2d^A'd^A' = 2d^X'd^X' (4.13) 

We can also obtain the action for non-BPS D-brane of codimension 2k from the 
2^ non-BPS D9-branes via tachyon condensation in the "step by step" construction 
presented in section (H) as follows: 

D7-brane: This brane has codimension 2k = 2 that appropriate number of 
D9-branes is 2. Then we get following sequence: 

2D9^D8+I58^ (2)L>7 (4.14) 

where the number in the bracket (2) expresses the presence of factor 2 in front of the 
action. The meaning of this number has been discussed in previous section. 

D5-brane: It is brane of codimension 2/c = 4 so that appropriate number of 
D9-branes is 2^ = 4. The sequence of D-branes has a form: 

4D9 ^ 2DS + 2D8 {2)2D7 (2)(D6 + W>) ^ (4)D5 (4.15) 

For non-BPS D3 and Dl-brane the situation is similar. 
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In previous three sections we have seen that we are able to obtain action (more 
precisely, kinetic part of the action) for all BPS and non-BPS D-branes in Type IIA 
theory. In the next section we will discuss the emergence of D-branes in Type IIB 
theory. 

5. D-branes in Type IIB theory 

In this section we will discuss the emergence of BPS and non-BPS D-branes in Type 
IIB theory. We start with construction of BPS D-branes. 

In 10 it was proposed that all BPS D-branes in Type IIB theory can arise as 
a tachyon topological solution in world-volume of space-time filling system of D9- 
branes and D9-antibranes. In we have proposed the action for system of 2^^"^ 
branes and antibranes in the form: 



S = -C, 



1 r 4 

¥ I '^^JX ^ 2Tr(DT'^i)^,T + (-m^Tr(TT) + ATr(rT)^) 

+Tr(/(T)5^) + Trfc(/(T)C^')} 



X 



(5.1) 



where F G U{2^~^) is gauge field living on 2^~^ D9-branes, F' E U{2^~^) is gauge 
field living on 2^^"^ D9-antibranes , 6, 6' are corresponding superpartners and tachyon 
T and fermionic field B transform in (2''~-'-, 2'*~^) of gauge group [/(2'^~^) x U{2^~^). 

According to ref. BPS D-brane of codimension 2k arise from tachyon conden- 
sation on system of space-time filling 2^~^ D9-branes and 2^~^ D9- antibranes. We 
can ask the question whether tachyon condensation in ( p.l| ) leads to the action of 
BPS D-branes. We will show on example of step by step construction that this is 
really true. 

D7-brane This is a brane of codimension 2k = 2. Than sequence of tachyon 
condensation has a form: 

D9 + D9^ {2)D8^ {2)D7 (5.2) 

where the factor (2) in the second term in previous expression has the same meaning 
as in section (^. 

D5-brane This is a brane of codimension 2k = 4 and tachyon condensation has 
a form: 

2D9 + 2D9 2(2)D8 ^ {2){D7 + D7)-^ (4)D6 (4)D5 (5.3) 
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D3-brane This is a brane of codimension 2k = Q and tachyon condensation has 
a form: 



4D9+AD9 {2)AD8 {2){2D7+2D7) {4)2D6 (4)(D5+D5) ^ (8)^4 (8)^3 

(5.4) 

Dl-brane This is a brane of codimension 2k = 8 and tachyon condensation has 
a form: 

8D9 + 8D9 {2)8D8 {2){AD7 + AD7) 
(4)4D6 (4)(2D5 + 2D5) {8)2DA {8){D3 + M) ^ (16)D2 ^ (16)D1 

(5.5) 

We can also used the direct tachyon condensation presented in section (|^). Let 
us consider the BPS D-brane of codimension 2k. This correspond to tachyon con- 
densation in world- volume of 2'^^^ D9-branes and D9-antibranes. As a first step we 
will make the tachyon condensation in the form of kink solution, which leads to the 
2k-i non-BPS D8-branes with gauge group U{2^^^) (with the factor 2 in front of 
action). Since transverse space to the vortex is now 2k — 1 dimensional, the num- 
ber of non-BPS D8-branes, that are needed for construction of vortex is equal to 
22(A;-i)/2 _ 2'=~ij which agrees with dimension of gauge group. Through tachyon 
condensation on world-volume of non-BPS D8-branes, as was presented in section 
(^ we get the stable BPS D-brane of codimension 2k (More precisely, the bound 
state of 2'^ D-branes of codimension 2k. 

The construction presented in previous paragraph is also appropriate for con- 



k 



struction of non-BPS D-branes in JIB theory of codimension 2k + 1. Following [jT7| 
this brane should emerge as a tachyon vortex solution in world-volume theory of 2 
D9-branes and D9-antibranes. Following the procedure in previous paragraph, we 
can first form a kink solution to form 2^ non-BPS D8-branes in Type IIB theory. 
Then non-BPS D-brane, which has originally codimension 2k + 1, appears as a object 
of codimension 2k in world-volume theory of non-BPS D8-brane. As we have seen in 
section (^ on example of construction of non-BPS D-branes in Type IIA theory (they 
have codimension equal to 2k), the vortex solution, which looks like T ~ Z]?=i TjX* 
leads to unstable non-BPS D-brane. We than can claim that tachyon condensation 
in the form in the world-volume theory of 2^^ D9-branes and D9-antibranes leads to 
the non-BPS D-brane of codimension 2A; + 1 in Type IIB theory. 

We have seen in this section that we can get the correct actions for BPS and non- 
BPS D-branes in Type IIB theory. In the next section we will discuss the possible 
form of Wess-Zumino term for non-BPS D-branes. 

6. Wess-Zumino term for non-BPS D-brane 

In this section we will show that tachyon condensation in Wess-Zumino term for non- 
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BPS D-brane leads to correct WZ term for BPS D-brane. We start from generalised 



form of WZ term, which is based on previous works |jT8|, |T9[ and on the works P, |]. 
We hope, that this term describes correctly the coupling between non-BPS D-branes 
and RR forms. 

We propose RR interaction for non-BPS D-branes in the form: 
Iwz = l^pj CpATT{{aiDT+a3{DTf+....+biDTAT^+...)exp{{2na')F)} = i^p^^I, 



A 
k,l 

k,l 

(6.1) 



where a„ = „+i and where 

(47r2a')^ 



/^^ = ak,i JcA Tr(Dr)2'=+^T2' exp ((2W)F) (6.2) 

and where ak^i is some numerical constant of dimension [a^ ^] = Ij'^K Unfortunately 
we do not know the values of these constants, but they are not important for us in 
this section, because we will not carry about numerical factors in this section. 

We must say few words about (|6.1|) . Firstly, we can have only odd powers of 
T in WZ coupling, as was explained in [|, Secondly, we have replaced ordinary 
derivatives with covariant derivatives as in [|l|. We have included higher powers of 
DT in ( |6.1| ), which can be seen as a generalisation of |]18[ and we have introduced 



factors proportional to T^^ as in ref.[|I^. In this section we will show on various 
examples that proposed action ( |6.1| ) correctly reproduces WZ term for D-branes in 
Type IIA theory. 

First example is "step by step" construction on 16 non-BPS D9-branes in Type 
IIA theory with gauge group U{16). We have seen, that this solution leads to action 
for single DO-brane. In this section, we apply this construction for WZ term (|6.1| ). 
We take tachyon field in the form 



V T{y) -To(x)l8x8/ 



Standard analysis leads to 




(6.4) 



Then first term gives 

ai,o / CTiDT A e^^™')^) = OAla,,o{47i^a'y/^ j A (e^^™')^) _ e(2™')i^')) (5.5) 

simply from the fact that off-diagonal terms in derivation of tachyon do not con- 
tribute. In previous expression we have used the form of tachyon behaviour T{x) = 
T„tanh(^), which we have obtained in the second section (0). Integration of this 
function gives a factor 2. We see that the charge of resulting D-brane is about 0.41 of 
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value of correct charge of D-branc. We sec two sources of discrepancy. Firstly, we do 
not know the value of constant factors akj in front of WZ term for non-BPS D-brane. 
Secondly, our tachyon solution is only rough approximation. However the form of 
the terms, which arise from tachyon condensation, suggest that tachyon condensa- 
tion can lead to correct result. In the following we will not carry about numerical 
factors in front of the various terms. We will also write F instead of {27ra')F and we 
restore the factor 27ra' in the end of the calculation. 
The second term gives 



JCA Tt{DT^ a 



/ 



\ B -5{x)dx J yOT J \DT J \ J 

= f C A (TrDT ADTe^ -TrDT A DTe^') 

(6.6) 



In the same way, third term gives 

JcA Tr{DT^ A e^) = Jc A Tr{D^T A {DyTfe^) = 

= y C A Tr( 



5{x) (DTADT 




-S{x) J \{DTADTy 

= j A {Ti{DTDTf A - Tr(DT A DTf A 

(6.7) 



Generally, we obtain the result: 



j C ATr{DTY 
j^^^C A (Tr(L>r A 'mf-^e'" - Tr(DT A DTf'^e^'] 



(6.8) 



Next term is 

' C A DTT^e^ (6.9) 



I- 



In the point x — 0, diagonal terms in T are zero, so we have 

_0 ny)\ ,^(TT 
T{y) J \ TT 



Ti^-0)JjJ^yA^T^J^J^l] (6.10) 
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Then we obtain from previous equation (Only derivative with respect to x partici- 
pates in this expression, because the other derivatives are off-diagonal) 



2 lr,.r^..lH^) \(TT \^p 



/ CA (TtTT a - TtTT A e^' ) 



In the same way we obtain: 

J C A TiDTT'^^e^ = 
J^^^C A (Tr(TT)'=e^ - Tr(TT)'=e^' 



Next term is 



which leads to 



V B -5{x)) \ DTADT) \ TT J 

= J C A (TrDT A WrTTe^ -Wt A DTTTe^'] 

Generally, we obtain via tachyon condensation in form a kink solution: 

I^, = j C AiDTf'^+^T^'e^ ^ 



C A {TiDT A DTf{TT)^ A - Ti DT A DT{TTy A e^') = /f; 



We can see striking similarity with result in |^ 



k,l 

3 



(6.11) 



(6.12) 

J C ATiiDTfT'^ Ae^ (6.13) 



(6.14) 



(6.15) 



and generalised WZ term for system of D8-branes and D8-antibranes is 

Iwz = f^sY.Ik,i (6.16) 



^We will write in each step the factor /ip, because in each step we obtain factor (a')^/^. As 
was explained above, we omit the other numerical factors. We also freely use the symbol of delta 
function, in order to express the fact that various fields are localised only in the core of the vortex. 
We have discussed the meaning this delta function in previous sections. 
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Now we construct kink solution on the world- volume of 8-branes and 8-antibranes. 
This solution was given as: 

T(x, y) = T,(x)l8x8 + tT{y)5{x), T{y)^ = T{y) (6.17) 

We have seen, that this solution gives correct kinetic term for non-BPS D7-brane. 
From this analysis we know that F = F'. We start our analysis with the terms Ik^- 
We will write {DT A Z)T)^ = (DTDT) A {DT A DTf-^. Now we use the fact, that 
in second bracket in previous expression we do not have derivation with respect x, 
so we obtain DT = iDT, DT = —iDT so that the second bracket is equal to 

{DT A DTf-^ = {DTf^-^ 

and the first bracket is equal to 

dT ADT = d{TDT) = -id{TDT) 

where we have used the fact that all massless fields as well as Tiy) are indepen- 
dent on X. For expression {DT A DTf = {DT A DT) A {DT A DT)^-^ we can do the 
same analysis. The second bracket is equal to (Z^T)^^"^ and the first bracket leads 
to the result 

DT ADT = -DT A DT = id{TDT) 

Finally, we obtain 

4 = -2z / C A d{TiT{DTf^-^e^) = -2i f C A TiTDT'^'^-^e^ (6.18) 

where we have made integration over x. Previous expression is a correct result (up 
the sign (-2i) )for non-BPS D-branes. The same analysis can be used for general Ik,i, 
because the only difference is in presence of term TT = {iT){—iT) = T^, where we 
have used the fact, that in point x = 0, Tq is zero. So that we obtain general result: 

^ -2z / CA TT{DTf''~^T^'e^ = {-2i)lti,i (6.19) 

The whole WZ term is a term appropriate for non-BPS D-brane, up the factor (— 2z): 

Iwz = {-2t)fi7j2^k,i (6-20) 

k,l 

We can again construct kink solution on non-BPS D7-brane with gauge group U{8), 
leading to the action for 4 D6-branes and 4 D6-antibranes ^. Following general recipe 

^k-l,l ^ ^k-ll ^ ^wz ^ ^wz (6-21) 



■^We can notice, that in front of WZ term is a factor 2. We will see, that in front of WZ term 
for D5-brane will be factor 4, for D3-brane will be factor 8 and finally for Dl-brane the factor 16 
will be present. The interpretation of these factors is the same as in section (^. 



29 



We must remember, that now the gauge group is U{A) x U{A). 

Further kink solution on world-volume of brane antibrane leads to 



(-2z)4_2,A, I^z {-'^^flwz (6.22) 

It is important to stress, that 

(6.23) 

due to the fact, that F = F', T = T. As a result, we obtain action for 4 non-BPS 
D5-branes with gauge group U{A). Further kink solution leads to 2 D4-branes and 
2-D4-branes with gauge group U{2) x U (2) and 

It2,i ^ 1^2,1 (6.24) 

Further kink solution leads to the WZ term for 2 non-BPS D3-branes with gauge 
group U{2) and 

Ik^2,i (-204^-3,^ Iwz (-20^4-3,^ (6.25) 
Next step gives action for D2-brane and D2-antibrane 

It3,i Ik-3,i (6.26) 

Kink solution in this system gives non-BPS D-brane. In this step, covariant derivative 
for brane+antibrane system is 

DT = dT + AT- TA' =^ dT 
As a result, we obtain WZ term for single non-BPS Dl brane 

I = (-2z) Vi / CAdTj2 T^'e^ (6.27) 

Now we consider the last tachyon condensation. It is important to stress, that only 
term with / = is nonzero, because other terms are zero in point x = due to the 
fact, that T(0) = 0. Then we obtain standard result 



Iwz = 2'^fio J dtCi (6.28) 



We see, that this is a correct coupling of 16 DO-branes to RR one form so together 
with result in section (|^) we obtain right action for BPS bound state of 16 DO-branes 
in IIA theory. In the next paragraph we will discuss the tachyon condensation in the 
form of vortex solution given in (|^). 

In this part we will consider construction of general Dp-brane of codimension 
2A; = 1 in Type IIA theory with using gauge theory living on 2'^ non-BPS D9-branes. 
We consider situation, when tachyon condensation leads to D-brane of codimension 
2k + 1. Following general recipe given in [ffOl, this brane can be constructed from 2^ 
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non-BPS D9-branes with gauge group U (2*^). For kinetic term, we have obtained cor- 
rect expression in section (^). Now we turn to the problem of tachyon condensation 
in the term given in (|6.1|) , (|6^ ): 

Iwz = fi9T.^k,i (6.29) 

k,l 

where 

= JCA i:i{DTf^+^T^^e^ (6.30) 

We know that BPS D-brane of codimenson 2k + l'm Type IIA theory arises from 
tachyon condensation in the form 

2fc+l 

T(x) = r.T(a;0 (6.31) 
j=i 

We have analysed the form of this solution in (^). We know that all T(x*) must be 
localised in the points = 0,j y^i and that T(a;*) has a form T(a;*) = T^tanh(^). 
Derivation of previous function is ^(1 — tanh^(^)), which has the properties similar 
to delta function (more precisely, in zero slope limit a' — > is equal to zero almost 
everywhere and is finite in the point x = 0). 

We immediately can see from ( |6.30[ ) that only term l2k+i,o contribute to the form 



of resulting D-brane. The other terms are zero either from the fact that contain more 
than 2k + 1 covariant derivatives or less and than 2k + 1, so that they cannot form 
the volume form in the transverse space, or contain the powers of T, which are zero 
in the core of the vortex. As a result we obtain from J2A;+i,o: 

hk+ifi = /ig ^ C A Tr(DT)2'=+ie(2™')^ ^ 2 Vp J^.^^C A e^^™')^ (6.32) 

up to possible numerical factor. The factor 2^ comes from the trace and field strength 
F corresponds to abelian gauge field, as in (|^). The emergence of the factor 2'' again 
suggest that resulting configuration is in fact the bound state of 2'^ D-branes of 
codimension 2k + 1. We have discussed this issue in section (||). 

Of course, as in sections (§), we can consider direct construction of WZ term for 
BPS D-brane of codimension 2/c + 1 in the world-volume of 16 non-BPS D9-branes. 
Consider Dp-brane of codimension 2k + 1. We know from section (^, that gauge 
field has a form 

F=l(g)J^ (6.33) 

where JF G f/(2'^~^). We also know, that only term with one covariant derivative DT 
contributes to the Wess-Zumino term, which has a form: 

I = ^gjc A Tr(DT)2'=+i exp ((27ra')F) (6.34) 
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We know that covariant derivative has a form DT = (it(a;)(S>l24-fcx24-fe; where t{x) has 
the same form as in previous paragraph. With using the formula Tr(yl® 1)(1 = 
TtATtB we get immediately the result (up to possible numerical factor): 

I^z = 2Vp y C A Tr exp((27ra')^) (6.35) 

where Tr in previous expression goes over fundamental representation of U (2^"'^). 
We again see the factor 2^^ in front of action, which suggests that each D-brane of 
codimension 2k+l in resulting configuration is in fact the bound state of 2^ D-branes. 

We can also discuss the emergence of WZ term for non-BPS D-brane of codi- 
mension 2m. When we use the step by step construction proposed in section we 
obtain immediately the WZ term for non-BPS D-brane. We can also start with con- 
figuration given in (|^) for construction of non-BPS D-branes. Again only term with 
l2k+i,i, 2k + 1 > 2m contribute in this construction. The terms with more covariant 
derivative are nonzero, due to the fact that the additional covariant derivatives con- 
tain the derivation of tachyon field T. We see that we have also nonzero terms with 
various powers of T^'. This is a consequence of the fact that in the core of the vortex 
the unconstrained tachyon field is nonzero. With using T(?/)^' = T{T2k+iY^ = 1^, 
we immediately obtain the action for non-BPS D-brane of codimension 2k 

(6.36) 

For D-branes in Type IIB theory the situation is the same as in section (^). For 
BPS D-brane of codimension 2k we start with WZ term for system of 2'^"^ D9-branes 
and D9-antibranes. Then we can proceed in the same way as in (^ and we will finish 
with WZ term for BPS D-brane. Equivalently, we could construct the unstable D8- 
brane with gauge group U{2'^~^) and than proceed in the same way as in previous 
paragraph. For non-BPS D-branes the situation is basically the same. 



7. Conclusion 

In previous sections we have seen on many examples that our approach to the prob- 
lem of tachyon condensation gives correct form of action for D-branes in Type IIA 
and Type IIB theory. Of course, more direct calculation should be needed for 
confirming our result, especially interesting appears to us approach presented in 
ref . p^, p5| , p8| , p9[] . We know that form of our action for non-BPS D-brane is rather 



simple approximation, which should be supported by more direct calculation in string 
theory. On the other hand, success of our approach allows us to claim, that even 
with this simple form of action we are able to obtain correct form of action for BPS 
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D-branes. It is possible that in heart of the success hes BPS property of D-branes. 
It would be very nice to confirm our calculation with direct method as in ref. |2^, p5|] . 
We would like also see the direct relation to the K-theory & |10[. Analysis of 



D-branes in K-theory is based on nontrivial gauge fields that live on non-BPS D- 
branes or on system of D-branes and D-antibranes. On the other hand we have seen 
that in all our situations the gauge fields are trivial. We expect that the nontrivial 
behaviour of gauge field emerges from more general form of solution of tachyon field. 
We hope to return to this question in the future. 

It would be interesting to study the other theories, especially Type I theory and 
M-theory, following It would be also interesting to study tachyon condensation 
in the other systems, following [26, 27]. And finally, it would be interesting to study 
the problem of emergence of non-Abelian gauge symmetry for system of D-branes, 
that arise from tachyon condensation. 

Acknowledgement: I would like to thank Zdenek Kopecky and Richard von 
Unge for conversations. 
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